One hundred isolates of the oral pathogenic bacterium Porphyromonas gingivalis were genetically characterized by determining the electrophoretic mobilities of 16 metabolic enzymes and the presence or absence of catalase activity. A total of 78 distinct electrophoretic types (ETs), representing multilocus genotypes, were identified, and cluster analysis placed them in three major phylogenetic divisions. Division I (71 ETs) included all 88 human isolates examined, most of which had been recovered from patients with periodontitis, together with 4 monkey isolates. The strains in division II (four ETs) and division III (three ETs) are strongly differentiated from those in division I and apparently represent two previously unclassified (cryptic) species. The mean genetic diversity per enzyme locus among the 92 isolates of division I (P. gingivalis, strict sense) was 0.321, and the strains were distributed among 14 phylogenetic clusters and single-ET lineages. The population structure is basically clonal, with some clonal genotypes being widespread, and even global, in distribution.
Porphyromonas gingivalis (formerly Bacteroides gingivalis) is an anaerobic, asaccharolytic, gram-negative coccobacillus (32) that is frequently a component of the flora of subgingival lesions of adult patients with periodontitis (6, 27, 35) . P. gingivalis has also been isolated from root canal infections and other odontogenic abscesses (34, 37) and from the saliva and the surfaces of the tongues and tonsils of patients with periodontitis (38) . The organism is often present in the oral cavities of periodontally healthy children and adolescents, but, because it occurs in densities below the detectable limit of anaerobic culturing (<1% of the total flora) (18, 26, 39) , it is not routinely recovered from such individuals. Whether strains that colonize periodontally healthy hosts are genetically distinct from those associated with periodontitis is unknown.
Organisms identified as P. gingivalis have also been isolated from sheep with broken-mouth periodontitis (9) and monkeys with naturally occurring and ligature-induced periodontitis (5, 15) . Isolates recovered from dogs and cats differ from human strains in their antigenic properties and in their production of catalase (8, 16, 25) , but the overall genetic relatedness of these animal porphyromonads to those of human origin has not been determined.
Experimentally, the pathogenic potential of P. gingivalis has been previously examined with several animal models. Monoinfection of gnotobiotic rats with P. gingivalis induces alveolar bone loss (14) , and implantation of this microorganism in the subgingivae of monkeys exacerbates periodontal breakdown (12) . In the mouse model, certain strains are highly invasive and can produce fatal phlegmonous abscesses (4, 23, 36) , whereas other strains cause only localized abscesses and no mortality in these mice. The differences in these strains that cause varying levels of invasiveness are unknown, but they suggest that certain P. gingivalis strains have unique abilities to cause diseases.
Little is known concerning the extent of phenotypic variation and genetic heterogeneity in natural populations and the evolutionary relationships of P. gingivalis strains. Three (7) or four (22) serogroups are currently recognized, and two biotypes have been distinguished on the basis of the presence or absence of catalase activity (16, 25) . But it is now well established for bacterial species in general that similarity in serotypic, biotypic, and other phenotypic characters, including virulence factors, frequently does not indicate the overall genetic relationships of strains (31) .
Genotypic characterization of strains has revealed extensive heterogeneity in natural populations of P. gingivalis. gingivalis recovered from humans (88 isolates) and animals (12 isolates) in 11 countries on five continents (Table 1) . Each strain was originally identified as P. gingivalis by the investigator from whom it was obtained. Most of the human isolates were recovered from adult patients with periodontal disease, but some isolates were obtained from root canal, periapical, or other odontogenic infections. Three isolates from healthy subjects (adolescents) were also included. The animal isolates were recovered from a dog, a cat, sheep, and two species of monkey (Table 1) .
Culture conditions. Upon receipt, the strains were revived on blood agar plates (Difco Laboratories, Detroit, Mich.) enriched with 5% defibrinated sheep blood (Crane Laboratories, Syracuse, N.Y.), hemin (5 ,ug/ml), and vitamin K1 (1 ,ug/ml). Cultures were incubated for several days at 37°C in an anaerobic chamber (Forma Scientific, Marietta, Ohio) in an atmosphere of 5% C02-10% H2-85% N2. At this point, the cultures were inspected for purity, production of characteristic nonfluorescent, black-pigmented colonies, and catalase activity (see below). The API ZYM profile (Analytab Products, Plainview, N.Y.) of each isolate in our sample matched the pattern characteristic of P. gingivalis (19) . Stocks of each strain, prepared by suspending freshly plated culture cells in sheep blood, were stored in liquid nitrogen.
To obtain large numbers of cells for enzyme extraction, a 5% inoculum from a dense starter culture was used to inoculate 400 ml of Trypticase soy broth (Difco) enriched with hemin (5 ,ug/ml) and vitamin K1 (1 ,g/ml). These cultures were incubated anaerobically for 24 to 48 h in 1-liter sidearm flasks (Bellco, Vineland, N.J.), optical density readings at A6. were periodically made with a spectrophotometer (Spectronic 21; Milton Roy, Rochester, N.Y.), and purity was assessed by Gram staining and subculturing on both aerobic and anaerobic blood agar plates.
Preparation of enzyme extracts. Broth cultures in the logarithmic or early stationary phase were harvested by centrifugation at 12,000 x g at 4°C for 20 min in 500-mlvolume bottles. The supernatant was removed by aspiration. During these procedures, we noticed that some strains yielded tight, dense cell pellets, while other strains produced loose, flocculent pellets after being centrifuged. The reasons for this are not known. Individual cell pellets were weighed, and the cells were stored at -20°C.
Pellets were thawed and the cells were kept on ice at all times during the course of further manipulation. The cells were resuspended in phosphate-buffered saline (0.137 M NaCl, 2 mM KCl, 4 mM Na2HPO4 7H20, 1 mM KH2PO4 [pH 7.4]) at 1 ml/0.5 g (wet weight) for tight pellets or at 1 ml/1 g (wet weight) for loose pellets. The suspension was transferred to a 50-ml-volume centrifuge tube, and the volume was estimated. The cells were lysed by the addition of the nonionic detergent n-octyl ,-D-glucopyranoside ( (IP2), malate dehydrogenase (MDH), nucleoside phosphorylase (NSP), glycine-phenylalanine peptidase 1 (GP1), glycine-phenylalanine peptidase 2 (GP2), glycine-phenylalanine peptidase 3 (GP3), leucine-glycine-glycine peptidase ( LGG), phosphoglycerate dehydrogenase (PGD), phosphoglucose isomerase (PGI), and phosphoglucomutase (PGM). In addition, we scored each isolate for the presence or absence of catalase (CAT) activity as described previously (19) , without, however, determining the electrophoretic mobilities of this enzyme in the positive strains.
Statistical analysis. Electromorphs for each enzyme were equated with alleles at the corresponding structural gene loci so that each bacterial strain was fully characterized by its multilocus genotype (allele combination) for the 17 enzymeencoding loci assayed (29) . In our analyses, absences of activity (null phenotypes) were treated as missing data, except in the case of CAT. Distinctive multilocus genotypes were designated electrophoretic types (ETs) (29) and were numbered sequentially by their inferred relationships from a cluster analysis based on the average linkage algorithm (presented as dendrograms in Fig. 1 and 2 ) (40) . For this analysis, a matrix of genetic distances between all pairs of ETs was calculated from comparisons of electrophoretic profiles. Each entry in the distance matrix was equal to the proportion of mismatches (i.e., the number of enzyme loci with different alleles divided by the number of loci compared) between two ETs. For each comparison, null states were not included.
The genetic diversity for each enzyme locus (h) among isolates was calculated as h = 1 -Yx7 [nI(n -1)], where xi is the frequency of the ith allele at the locus and n is the number of isolates (29) . Mean genetic diversity per locus (H) is the arithmetic average of the h values for all loci.
Genetic differences between various subgroups of isolates were assessed by partitioning the total genetic diversity into within-and between-group components (40) . The withinsubgroup diversity (Hs) was calculated as the unweighted arithmetic average of the genetic diversity values across subgroups. Total genetic diversity among subgroups (HT) was tabulated for each locus by using the average allele frequencies across subgroups and the total number of isolates in the formula above. Coefficients of genetic differentiation among subgroups (GST) were calculated as (HT -HS)IHT, which equals the ratio of the between-subgroup component of diversity to the total genetic diversity across subgroups of isolates (40) .
RESULTS
Genetic diversity and relationships among all isolates. In the collection of 100 isolates phenotypically and biochemically characterized as P. gingivalis, all 17 enzymes assayed were polymorphic, with an average of 4.5 alleles per locus (range, (Table 2) . A dendrogram generated by clustering all ETs on the basis of pairwise estimates of genetic distance revealed three major divisions (Fig. 1) . The average genetic distances between ETs of division I and those of division II and division III were 0.70 and 0.87, respectively, and the comparable value for division II versus division III was 0.87.
Genetic diversity within phylogenetic divisions. Division I included ETs 1 to 71, which were represented by 88 human and 4 monkey isolates, all of which were of biotype 1 (catalase negative). Table 3 (CAT') just for the purposes of this study; for ADA, ES1, GDA, GP3, and LGG, genetic diversity was relatively high ( Table 3 ). The mean genetic diversity per locus among the 92 isolates was 0.321 (Tables 2 and 3) .
Division II consisted of four ETs (ETs 72 to 75), which were represented by five isolates recovered from a cat, a dog, and three monkeys; all five strains were of biotype 2 (catalase positive, regarded as a single allele [CAT2]). Eight of the 17 loci (47%) were polymorphic, the mean number of alleles was 1.5, and genetic diversity among the five strains was 0.275 (Table 2) .
Division III included three ETs (ETs 76 to 78), which were represented by three isolates from sheep with broken-mouth periodontitis. These isolates resembled those of division I in that they were catalase negative (biotype 1). Because they lacked activity for ES1 and GP3, assessments of genetic diversity and distance for these isolates were based on only 15 loci. Seven of 15 loci (47%) were polymorphic, the mean number of alleles was 1.5, and genetic diversity was 0.356 (Table 2) .
Genetic relationships among ETs of division I. The dendrogram in Fig. 2 Evidence of strong genetic differentiation among 72 isolates in the major clusters A, B, E, and I is provided by highly significant values of GST for six of the enzyme loci (Table 4) . For example, a large proportion of the total genetic diversity at the ADA locus among these isolates was apportioned among the four clusters (GST = 0.442). This is in part the result of the fixation of one ADA allele in the isolates of cluster A, while another ADA allele was predominant (frequency, 0.889) among strains of cluster I. The mean GST among all 17 loci for isolates of the four clusters was 0.253 (Table 4) , which indicates that 25% of the total single-locus diversity is accounted for by differences among the clusters.
Genetic variation in relation to clinical disease. Sixty-nine of the 92 isolates in division I were recovered from subgingival lesions in adult patients with periodontitis (Table 1) . These isolates were of 63 ETs, one or more of which was represented in each of the 14 clusters or lineages, except F and G (Table 1 and Fig. 2 ). Eight isolates were recovered from infected root canals (Table 1) , and the seven ETs they represented (indicated by squares in Fig. 2 Table 1 ). Available information regarding serogroup (a, b, or c) (7, 19) , fimbrial RFLP group (roman numerals) (17) , and invasive potential (+ or -) (4, 23) of the isolates is indicated in the columns to the right of the figure.
Two isolates (DCR 2011 and DCR 2015) of ET 71, which is separated from all other ETs by an average genetic distance of 0.38, were recovered 2 years apart from the same subgingival site in the same patient. At the time of the first sampling, the site had been diagnosed as healthy, but 2 years later, the site had developed periodontal disease. The two other isolates recovered from healthy subjects (DCR 2006 and 13JC) represented ET 11 and ET 25, respectively, both of which are in cluster A and which have no particular genetic relationship to ET 71. The widespread distribution of these three ETs in the dendrogram (Fig. 2) suggests that strains recovered from healthy subjects do not form a single, genetically distinct group.
Genetic structure of populations. Of the 71 ETs in division I, 17 were represented by two or three isolates. The isolates of 10 of these 17 ETs were from patients in different localities and even on different continents. For example, isolates of (ET 71) , from the same individual 2 years apart. ET 37 was represented by isolates from three patients on the Pima Indian Reservation, whose subgingival samples were taken over a 2-year period. Collectively, these findings suggest that the population structure of P. gingivalis is basically clonal, with chromosomal genotypes persisting long enough to achieve widespread, if not global, distributions.
For several localities, multiple isolates were available; strains from any one locality appeared to be of a wide variety of genotypes, corresponding with the observation above that there is, in general, a worldwide distribution of clones. To confirm this observation, GST was calculated as a measure of subdivision for samples of isolates from five localities (Buffalo, N.Y.; Amsterdam, the Netherlands; Umea and Gothenburg, Sweden; and Ann Arbor, Mich.). In this analysis, the GST value was 0.007, indicating that virtually none of the diversity is apportioned among localities.
Genetic variation in relation to phenotypic properties. For some isolates, we have information on their serogroups, fimbrial RFLP groups, and invasive potentials (Fig. 2) . Seventeen isolates were assigned to one of three serogroups, a, b, and c (7, 19) ; for 32 isolates, the fimbrial RFLP group was known (17); and for 22 isolates, we had information on whether they were invasive (+) or noninvasive (-) in the mouse model (4, 23) . None of these three properties showed a clear pattern of association with particular ETs or a group of related ETs (Fig. 2) . For (10) and several other bacteria (24, 28, 30) have been shown to be strongly correlated with measures of similarity in total nucleotide sequence derived from DNA hybridization experiments. Thus, there is reason to believe that the observed allelic variation at 17 enzyme loci in Porphyromonas strains usefully indexes the overall relationships of their chromosomal genomes. Some isolates in our collection were sufficiently different in multilocus genotype as to suggest a degree of nucleotide sequence similarity well below the level now widely accepted as the criterion of species limits in bacteria (13) . Because the genetic distances between the P. gingivalis ETs of division I and ETs of divisions II and III are large (0.70 or 0.87) (Fig. 1 ), it appears that we have uncovered two cryptic species of Porphyromonas, both of which may be exclusively associated with animal hosts. Porphyromonads of division II (ETs 72 to 75) ( Fig. 1 Table 1 ) form an apparent exception, since they were recovered from cynomolgus monkeys, but inasmuch as these isolates were closely related to human isolates, it is possible that these monkeys, while living in laboratory animal facilities, were infected with strains originating from their handlers. However, the squirrel monkey isolates in division II may represent indigenous porphyromonads limited to animal hosts (8) .
The two cryptic Porphyromonas species are not to be confused with Bacteroides macacae and Bacteroides salivosus, which are also gram-negative, anaerobic, black-pigmented coccobacilli (20, 33) . These Bacteroides species have API ZYM profiles distinct from those of all 100 isolates examined in the present study. Moreover, the type strains of these two Bacteroides species showed no homology to the fimbrial gene probe derived from strain 381 (21) , and the periodontal pathogen Actinobacillus actinomycetemcomitans (3).
Lack of relationship between phenotypic characteristics and phylogenetic structure. We were unable to discern any pattern of association between serogroups and the distribution of P. gingivalis isolates in the dendrogram (Fig. 2) . This result was not surprising, because it has previously been shown for Neisseria meningitidis, Eschenchia coli, and several other bacteria that strains of the same serotype are not necessarily genetically related and that, conversely, genetically related strains may have different serotypes (1, 2, 31) . Cell-surface antigens may be adaptive in response to host defense mechanisms and other environmental pressures and are, therefore, subject to both convergence as a result of natural selection and to rapid divergence through diversifying selection, as well as recombination (31) .
Previously, we identified nine distinct fimbrial RFLP groups among 39 strains of P. gingivalis (17) . The fact that we found no association between ETs and RFLP groups was again not unexpected, since fimbriae are surface appendages. And finally, we found no relationship between the invasive potential of various strains of P. gingivalis and the genetic structure of the natural population, which means that strains of a wide variety of clonal genotypes can cause invasive infections in the mouse model.
A wide variety of P. gingivalis genotypes is associated with disease. The isolates from periodontal disease in adults, representing 63 ETs, as well as those from infected root canals (7 ETs) were widely distributed in the dendrogram (Fig. 2) . The few available isolates from periodontally healthy individuals showed no particular relationship to one another (Fig. 2) . Thus, with respect to the distribution of pathogenic potential among strains, P. gingivalis differs from many other pathogenic bacteria, such as H. influenzae serotype b and N. meningitidis, in which most strains causing disease represent one or a few clones (31) . Instead, the genetic structure of P. gingivalis is reminiscent of that of nontypeable H. influenzae (21) , which is a commensal in the oral and nasopharyngeal floras of healthy children and adults and acts as an opportunistic pathogen.
In sum, there is no evidence that specific genetic lineages or clusters of clones of P. gingivalis (strict sense) are associated with distinct types of oral infections; dental patients can be infected by a wide variety of chromosomal genotypes, which suggests that interclonal variation in pathogenicity is relatively small. This supports the hypothesis, previously suggested by epidemiological evidence (18) , that the role of this microorganism in the pathogenesis of periodontitis and other oral infections is largely opportunistic. However, the available data do not exclude the alternative possibility that the pathogenic strains possess virulence factors that are generally not found in strains colonizing healthy individuals. These hypotheses can be tested by further comparative analyses of the characteristics of large numbers of P. gingivalis strains recovered from both healthy subjects and patients with periodontitis or other oral infections.
